This paper presents a digital implementation of a new and simple control technique for single-phase Hybrid Active Power Filter (HAPF). The main control consists of an accurate estimation technique used to extract harmonic current generated by nonlinear loads. The estimation of harmonic current is done by using multiple units of an Adaptive Notch Filter (ANF) linked together in parallel structure; each unit is used to estimate a specified harmonic component. The frequency estimation is then carried out based on the output of these units. Therefore, the sum of these harmonic components will be the reference signal for the active power filter to generate the appropriate compensation signal. A laboratory prototype model of the HAPF was developed and its control strategy was implemented digitally in TMS320F2808. The theoretical expectations were verified and demonstrated experimentally.
INTRODUCTION
With the proliferation of nonlinear loads, a mass of harmonic current and reactive power flow into the network, and their contribution to the waveform distortion degrade the power quality in power transmission and distribution systems. Active power filter (APF) is an effective means that can be used to suppress harmonics and compensate reactive power dynamically. It basically works by injecting a current that has equal amplitude and opposite phase to loads' harmonic current, into the utility AC power system. Thereby, the aim to suppress harmonics and purify network is achieved [1, 2] .
APF can be connected either in series or in parallel to power system; therefore, it can operate as either a voltage source or current source. The shunt APF is controlled to inject a compensate current into the utility system so that it cancels the harmonic current produced by nonlinear loads. The series APF is controlled to insert a distorted voltage such that the load voltage is sinusoidal and maintained at a rated magnitude. APFs, with a more autonomous operation, can proceed directly and dynamically to compensate harmonics or to damp harmonics resonance in power system. Hence, numerical methods for harmonic detection are needed to control APFs [3] [4] [5] .
Harmonic components can be extracted or estimated using the Fast Fourier Transform (FFT), the instantaneous p-q theory, the synchronous d-q reference frame theory or by using suitable analog or digital electronic filters separating successive harmonic components [6] [7] [8] . For harmonic current determination by digital filters, a cascade structure of a notch filter is widely used. However, notch filter gives better performance only when the frequency of the measured signal remains constant. So, when the frequency changes, the ideal solution is a notch filter capable of changing the notch frequency accordingly by tracking the frequency variation [9, 10] . Based on adaptive filtering, this paper presents a new control strategy of single-phase APF using an adaptive notch filter as harmonics detector.
TOPOLOGY OF THE PROPOSED ACTIVE POWER FILTER
Among the various topologies of the active power filtering, the hybrid active power filter (HAPF) has been chosen to isolate the current source from harmonics generated by nonlinear load. An HAPF is a combination of a series APF and a shunt passive filter. The combined filter system aims to eliminate the problems encountered while using only conventional shunt passive or conventional shunt active filters. Its steady compensation characteristics have been demonstrated, and it has been verified theoretically and experimentally that the combined system has the following features [11-15, 16-17].
• The harmonic compensation effect is not influenced by the source impedance of the AC power system. • There is no parallel resonance between the source impedance and the shunt passive LC filter because the series active filter is placed with the source.
• Ambient harmonics generated elsewhere on the AC system, including harmonics of the AC source, do not sink into the LC filter. At the same time, they are isolated from load harmonics by the series active filter.
• The required rating of the series active filter is considerably smaller than that of the conventional active filter; the initial and running costs of the combined system are as cheap as a usual shunt passive filter.
The circuit configuration, shown in Figure 1 , is composed of a diode bridge rectifier with R-L load for harmonics, producing a passive filter in parallel with the load and an APF connected in series with line using a series transformer (CT). The principal function of the proposed topology can be examined using the equivalent circuit shown in Figure 2 .
The purpose of the HAPF is to produce the compensation voltage that is injected into the main circuit by coupling transformer. The compensation voltage is proportional to the harmonic components of the supply current.
Now on the supply side of the transformer, there is voltage that is proportional to the current of the transformer, which means that the transformer can be seen as an active resistance R a by the main circuit. Steadystate vector equations can be written for every frequency component, as follows:
In these equations, the subscripts s refer to source branch, h to harmonic and f to parallel passive filter branch. Combining Equations (2) and (3), we get the following relation:
From Equation (4) it can be seen that when the value of the active resistance R a increases, the amplitude of the harmonic components of the supply current decreases. This means in practice that the impedance ratio between source and filter branches increases, which forces the harmonic components to flow more effectively into the L-C shunt circuit.
CONTROL STRATEGY OF THE HYBRID ACTIVE POWER FILTER
Basically, for harmonic current suppression, the power converter of the series APF is presented as a harmonic resistor to reduce the main harmonic current. The output voltage of the series active filter is related to harmonic current. Thus, the inverter injects harmonic voltage which is proportional to the harmonic current into the line. Based on the above fundamental concept, the control strategy of the HAPF consists of sensing the current source (Ish), extracting the harmonic current, multiplying the results by a gain and that is the reference signal for the pulse width modulation (PWM) voltage source inverter. Therefore, the main control consists of an accurate estimation technique for harmonic current.
The estimation of harmonic current is done by using multiple units of an ANF linked together in a parallel structure; each unit is used to estimate a specified harmonic component. Moreover, each unit is governed by two ordinary differential equations and a secondorder notch filter that is further furnished with a nonlinear differential equation to update frequency [12,18,20]. The frequency estimation is then carried out based on the output of these units. Therefore, the sum of these harmonic components will be the reference signal for the APF to generate the appropriate compensation signal.
Harmonic Current Estimation
To determine I sh , an adaptive notch filter is used. It consists of n ANF units linked together in parallel structure to decompose the current into its constituting components. Each unit is governed by two sets of differential equations. The frequency estimation is carried out based on the outputs of these units. The particular ANF structure, which is our concern, originated from 
where θ is the estimated frequency, ξ is the depth of ANF, γ determines the adaptation speed, e(t) is the adjusting error and x is the estimated signal for the input signal y(t).
Performance of the Proposed ANF
To test the effectiveness of the estimation technique, a current supply of one phase of controlled three-phase rectifier defined as
is taken for estimation. The ANF algorithm is implemented using a sampling time Ts = 0.0001 second, ξ = 0.08, γ = 0.04 and f = 50 Hz. The input signal y(t) passes trough n parallel units to estimate both even and odd order harmonic components that exist in y(t). Figures 3-11 show, respectively, the comparison between the real component and the estimated one generated by different ANF units. When the simulation results are compared with the actual one, a good match is observed. The proposed ANF structure has estimated both magnitude and phase of the fundamental frequency and each odd harmonic component. The results obtained with the even units are zero because the even harmonic components are not included in the input signal.
Another key feature of this adaptive filter is the adaptation speed defined by the coefficient γ. A simulation result is carried out with different values of γ to show the speed of the filter in estimating the harmonic components. From  Figures 12-17 , it can be seen that when γ increases, the capability of the ANF for tracking frequency increases and the time of converging is fast. However, with a very high value of γ, the filter will not converge and the estimated signal will have a distorted shape. Thus, it is very important to choose an accurate value of γ. On the other hand, increasing the value of γ can achieve faster estimation, but at the same time, ζ should be increased in order to avoid oscillatory behavior.
SYSTEM CONTROL IMPLEMENTATION
The harmonic current determination by the ANF and the HAPF control implementation are carried out with Matlab simulation and hardware implementation in a digital signal processor (DSP). All calculations are accomplished digitally with the parameters given in Table 1 . The current source (Is) is sensed and fed to the analog digital converter (ADC) of the TMS320F2808, and then the data are filtered by the ANF function, multiplied by a gain and sent to the PWM block in DSP to generate the accurate pulses for the inverter. Figure 18 illustrates the operations sequence of the C code of the PWM control that is executed on the CC Studio 3.1 platform. As shown in this flowchart, the controller sample times are governed by the DSP timer called a CpuTimer0, which generates periodic interrupt at each sampling time Ts. At each interrupt service routine (ISR), the following tasks must be executed:
• Read the sampling value of the current source Is from the ADC.
• Process the data obtained from the ADC to filter it using the adaptive notch filter equations.
• Multiply the output from the ANF processing by a gain K.
• Update the compared value of the pulse width modulation module (ePWM) built in TMS320F2808 DSP.
The ePWM module generates the appropriate pulses for the inverter switches. The output of the inverter depends on the modulation index represented by K and the DC voltage input (VDC).
Figures 19-22 show, respectively, the simulation and hardware results for unfiltered current source, filtered current source with only passive filter, total current source harmonic estimated by the adaptive notch filter and the current source filtered with the HAPF. From the results obtained, it is clear that the single-phase HAPF proposed for harmonic current mitigation features great simplicity in the control side with a good performance in harmonic current mitigation shown by keeping the Total Harmonic Distortion (THD) of the current source within acceptable limits. It reduces the supply current THD from 24.33% down to 4.57%. The ability of harmonic current filtering is due to the ability of the proposed ANF to track the frequency variation and extract the harmonic components of the measured signal. Table 2 provides a summary of the proposed estimation technique and active power filtering. As it can be seen, the results obtained from the simulation and experimental tests are almost the same. However, when using the compensation with the HAPF, the simulation results show a decrease in the amount of THD for the 7 th -19 th harmonic components, whereas for the experimental results there is an increase in the amount of THD for some harmonic components. This is due to the injection of a waveform which is not very smooth and also to the characteristics of the series transformer which behaves as a second filter for the injected waveform. On the other hand, the components used in simulation are ideal compared to the experimental results.
CONCLUSION
The single-phase HAPF with an adaptive notch filter for harmonics estimation, presented in this paper, was effective to mitigate harmonics generated by nonlinear load and keep the utility AC power supply line current sinusoidal. The advantage of the proposed method is the capability of the ANF for extracting the harmonics as well as the fundamental component. Furthermore, The ANF has a simple structure which could be easily implemented in both software and hardware. 
